Introduction
============

Cancer is a major public health problem worldwide and colorectal cancer is one of the leading causes of cancer-associated mortality ([@b1-or-44-02-0577]). In spite of the considerable progress in cancer therapeutics, tumor relapse and metastasis remain a major clinical challenge ([@b2-or-44-02-0577]). Numerous studies have suggested that there is a rare subpopulation of poorly-differentiated cancer cells, cancer stem cells (CSCs), that are responsible for tumorigenesis, progression, recurrence and metastasis ([@b3-or-44-02-0577],[@b4-or-44-02-0577]). It has been demonstrated that CSCs possess self-renewal properties, tumor initiation capability, a high proliferation rate and differentiation potential ([@b5-or-44-02-0577]). CSC populations are associated with chemoradiotherapy resistance and relapse potential after successful treatment, leading to the unfavorable outcomes for patients ([@b6-or-44-02-0577]).

It is well known that there are small populations of adult stem cells existing in various tissues, such as the lung, ovaries, intestines, skin and mammary gland ([@b3-or-44-02-0577],[@b7-or-44-02-0577],[@b8-or-44-02-0577]), which have high proliferative capacity. Adult stem cells possess self-renewal abilities and multilineage differentiation potential to maintain tissue homeostasis and repair injured tissues ([@b9-or-44-02-0577],[@b10-or-44-02-0577]). However, dysregulation in the mechanisms underlying proliferation and differentiation initiates the malignant transformation of adult stem cells leading to tumorigenesis ([@b11-or-44-02-0577]). Previous studies have demonstrated that intestinal stem cells (ISCs) are the origin of intestinal neoplasia ([@b8-or-44-02-0577],[@b12-or-44-02-0577],[@b13-or-44-02-0577]). Thus, it was hypothesized that ISCs are the origin of intestinal CSCs, sustaining tumorigenesis and progression. Resolving the molecular mechanisms underpinning the malignant transformation of ISCs to intestinal CSCs may help identify novel targets for colorectal cancer treatment.

Accumulating evidence suggests that inflammation, particularly chronic inflammation, serves an important role in intestinal neoplasia ([@b14-or-44-02-0577]--[@b17-or-44-02-0577]). Chronic inflammation has been revealed to promote the hyperactivation of signaling pathways involved in the regulation of ISCs, including Wnt/β-catenin, PI3K/AKT/mTOR, NF-κB, STAT3 and Notch ([@b14-or-44-02-0577],[@b15-or-44-02-0577],[@b18-or-44-02-0577]). Then, ISCs undergo genomic alteration and aggressive proliferation, which eventually transforms normal stem cells into intestinal CSCs to initiate intestinal tumorigenesis ([@b15-or-44-02-0577]). Recent studies have demonstrated that the crosstalk between the NF-κB and Wnt/β-catenin signaling pathways may regulate the progression of colorectal cancer in inflammatory responses ([@b19-or-44-02-0577],[@b20-or-44-02-0577]). Therefore, it is necessary to elucidate the molecular mechanisms underlying the malignant transformation of ISCs in inflammatory responses.

The present study focused on the impact of proinflammatory cytokine tumor necrosis factor (TNF)-α on human ISCs. The results indicated that TNF-α induced the activation of the NF-κB and Wnt/β-catenin pathways to promote the malignant transformation of ISCs, such as increasing proliferation, colony formation, chemotherapeutic resistance, migration and invasion. It was further demonstrated that these two signaling pathways cross-regulated each other in TNF-α-induced malignant transformation of ISCs.

Materials and methods
=====================

### Cell culture

The human normal colon epithelial cell line NCM460 was purchased from Ginio Biotechnology Corporation. Cells were cultured in DMEM-High Glucose medium (Gibco; Thermo Fisher Scientific, Inc.), supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin at 37°C and 5% CO~2~ in a humidified atmosphere. For the sphere culture, single NCM460 cells were transferred in serum-free DMEM/F12 medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 10 ng/ml bFGF (PeproTech, Inc.), 20 ng/ml EGF (PeproTech, Inc.), 5 mg/ml insulin (MCE), 0.4% BSA (Beijing Solarbio Science & Technology Co., Ltd.) and 2% B27 Supplements (Gibco; Thermo Fisher Scientific, Inc.).

NCM460 spheroid (NCM460s) cells were collected using natural sedimentation at 37°C for 5 min. NCM460s cells were enzymatically dissociated, resuspended, and then seeded at 2×10^4^ cells per well in serum-free medium (SFM) in 6-well ultra-low attachment culture dishes (Corning, Inc.). Cells were treated with 0--100 ng/ml TNF-α (PeproTech, Inc.) for various durations (12, 24, 48 and 72 h) at 37°C to induce an inflammatory response.

### Differentiation assay

To evaluate the differentiation ability of NCM460s cells from SFM, the 50 NCM460 spheres with \>100 µm diameter were collected and re-cultured for 48 h on a collagen-coated 35-mm dish in DMEM-High Glucose medium (Gibco; Thermo Fisher Scientific, Inc.), supplemented with 10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin-streptomycin at 37°C and 5% CO~2~ in a humidified atmosphere.

### Antibodies and reagents

Specific primary antibodies to IKKβ (product no. 8943), phospho-IKKα/β (Ser176/180; cat. no. 2697), IκBα (cat. no. 9242), phospho-IκBα (Ser32/36; cat. no. 9246), NF-κB p65 (cat. no. 8242), phospho-NF-κB p65 (Ser536; cat. no. 3033), TNF-α (cat. no. 8184), APC (cat. no. 2504), GSK-3β (cat. no. 12456), phospho-GSK-3β (Ser9; cat. no. 9323), β-catenin (cat. no. 8480), phospho-β-catenin (Ser33/37/Thr41; cat. no. 9561), c-Myc (cat. no. 13987), cyclin D1 (cat. no. 2978), E-cadherin (cat. no. 3195), N-cadherin (cat. no. 13116), vimentin (cat. no. 5741), Snail (cat. no. 3879) and Nanog (cat. no. 3580) were obtained from Cell Signaling Technology, Inc. Antibodies to Lgr5 (cat. no. ab75732), Oct4 (cat. no. ab137427) and Sox2 (cat. no. ab97959) were obtained from Abcam. PE Mouse Anti-Human CD133 antibody (cat. no. 566593), PE Mouse IgG1, κ Isotype Control (cat. no. 554680) and 7-AAD (cat. no. 559925) were obtained from BD Biosciences. The NF-κB inhibitor pyrrolidine dithiocarbamate (PDTC; cat. no. M4005) and Wnt inhibitor IWP-2 (cat. no. M2237) were purchased from Abmole (Abmole Bioscience, Inc.). Lipofectamine 3000 transfection reagent was obtained from Invitrogen; Thermo Fisher Scientific, Inc.

### Flow cytometric analysis

For the detection of surface markers in colon cancer stem cells, cells (1×10^6^ cells) were collected, incubated with human anti-CD133-PE antibodies (1:20 dilution; BD Biosciences) at room temperature in the dark for 30 min. Dead cells were excluded using 7-AAD staining (1:20 dilution; BD Biosciences) at room temperature for 10 min. Cells were analyzed using a flow cytometer (BD Biosciences), and the isotype IgG2b (1:20 dilution; BD Biosciences) was used as the control.

For the cell cycle analysis, cells were pipetted, washed twice with PBS and fixed in 70% ethanol at 4°C overnight. Cells were centrifuged at 4,000 rpm for 10 min, re-suspended and stained with PI (BD Biosciences) at 4°C for 30 min. Then, samples were also analyzed using a flow cytometer (BD Biosciences).

### Cell Counting Kit-8 (CCK-8) assay

Cell viability was analyzed using a CCK-8 assay according to the manufacturer\'s instructions (Boshide). Cells were seeded into a 96-well plate at 5×10^3^ cells/well with 100 µl culture medium which contained the various TNF-α concentrations (0, 0.01, 0.1, 1, 10, 50 and 100 ng/ml). Cell viability was quantified by the addition of 10 µl CCK-8 solution. After 2 h of incubation at 37°C, the absorption was analyzed at 450 nm using a Multiskan plate reader (Thermo Fisher Scientific, Inc.).

The chemotherapy sensitivity assay to 5-FU (Sigma-Aldrich; Merck KGaA) was also evaluated using CCK-8 assay kit as aforementioned.

### Soft-agar sphere-formation assay

The 6-well plates were loaded with 2 ml 0.6% soft agarose. Then, 2 ml 0.375% soft agarose containing 1×10^4^ cells were added on the lower agarose. After 2 weeks of incubation, the cell spheres were stained with 0.005% crystal violet at room temperature for 1 h. The number of spheres with \>100 µm diameter in each well were counted using an inverted fluorescence microscope (magnification, ×100; Olympus Corp.) to analyze the sphere formation capacity.

### Colony formation assay

Cells (1×10^3^ cells) were plated in 35-mm culture dishes and cultured for 2 weeks. After staining with 0.1% crystal violet at room temperature for 30 min. The number of colonies with \>1 mm diameter was counted using an inverted fluorescence microscope (magnification, ×40; Olympus Corp.) to analyze the colony formation capacity.

### Cell migration and invasion assay

Cell migration and invasion assays were performed as previously described ([@b21-or-44-02-0577]). In brief, cell suspensions containing 2×10^4^ cells in 200 µl SFM were added into 24-well plates with 8.0-µm upper Transwell chambers (BD Biosciences) pre-coated without or with Matrigel (Sigma-Aldrich; Merck KGaA) for migration or invasion assays, respectively, and lower chambers were filled with 800 µl medium with 15% FBS. After a 24 h incubation, the migrating and invading cells were stained with 0.1% crystal violet solution at room temperature for 30 min and then counted in five random microscopic fields using an inverted fluorescence microscope (magnification, ×200; Olympus Corp.).

### Reverse transcription-quantitative (RT-q) PCR

Total RNA was purified using TRIzol^®^ reagent (Beyotime Institute of Biotechnology) according to a standard protocol ([@b22-or-44-02-0577]). The concentration and quality of all the RNA samples were valuated using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc.). Then, 1 µg of total RNA was used to synthesize cDNA for the subsequent reverse transcription with the Reverse Transcription kit (Takara Biotechnology, Co., Ltd.) according to the manufacturer\'s instructions. Quantitative PCR was performed using the SYBR Green PCR Master Mix kit (Takara Biotechnology, Co., Ltd.) on a qPCR detection system (Bio-Rad Laboratories, Inc.). The qPCR thermocycling conditions were as follows: Initial denaturation for 3 min at 95°C followed by 40 cycles of denaturation for 15 sec at 95°C, annealing for 30 sec at 60°C and extension for 30 sec at 72°C. The data were analyzed using the 2^−ΔΔCq^ method ([@b23-or-44-02-0577]) and reported as the fold-change in gene expression normalized to the expression of the endogenous control gene GAPDH. The sequences of primers used are listed in [Table SI](#SD1-or-44-02-0577){ref-type="supplementary-material"}.

### Western blot analysis

After appropriate treatments, cells were harvested and total cellular proteins were extracted for western blot analysis. In addition, the nuclear and cytoplasmic proteins were extracted using a Nuclear and Cytoplasmic Protein Extraction kit (Sangon Biotech Co., Ltd.) according to the manufacturer\'s instructions. Protein concentrations were measured using a BCA Protein Assay kit (Nanjing KeyGen Biotech Co., Ltd.). Proteins (30 µg/lane) were separated by gel electrophoresis on 8--10% SDS-PAGE and then transferred onto PVDF membranes (EMD Millipore). After blocking with 5% non-fat milk at room temperature for 2 h, the PVDF membranes were incubated with primary antibodies at 4°C overnight. Membranes were incubated with horseradish peroxidase-labelled secondary goat anti-rabbit antibody (1:10,000; ProteinTech Group, Inc.) for 2 h. Proteins were examined by enhanced chemiluminescence (ECL) detection kit (Nanjing KeyGen Biotech Co., Ltd.), and then the signals were visualized and analyzed using the ImageJ v5.2.1 Software (Bio-Rad Laboratories, Inc.).

### Immunofluorescence staining

Expression levels of p65 and β-catenin were detected using immunofluorescence staining. Spheres were fixed in 4% paraformaldehyde at room temperature for 20 min, blocked in blocking buffer (PBS+2% BSA+0.3% Triton-100) at room temperature for 1 h, and incubated with primary antibodies against p65 and β-catenin (1:200, rabbit) at 4°C overnight. Cells were then treated at room temperature with FITC-conjugated secondary antibody (Boster Biological Technology) for 1 h and DAPI (Beyotime Institute of Biotechnology) for 30 min. Fluorescent signals were visualized using a Leica fluorescence microscope (magnification, ×200; Leica Microsystems GmbH).

### Dual-luciferase reporter assay

The cells were co-transfected with a pGL4.32 vector (Promega Corporation) containing the NF-κB reporter construct or a pGL4.49 vector (Promega Corporation) containing the TCF/lymphoid enhancer-binding factor 1 (LEF) reporter construct linked to a firefly luciferase reporter plasmid, and with a pRL-TK *Renilla* luciferase reporter gene (Promega Corporation). The luciferase activities were measured using a Dual-Luciferase Reporter Assay system (Promega Corporation) and normalized as a relative ratio of luciferase to *Renilla* luciferase activities according to the manufacturer\'s protocol.

### Lentiviral transfection of spheroid cells

Lentiviral vectors bearing p65 short hairpin (sh)RNA and control non-targeting shRNA were synthesized by Shanghai GeneChem Co., Ltd. Cells were seeded in 6-well plates at a density of 3×10^5^ cells/well and cultured at 37°C and 5% CO~2~ in a humidified atmosphere overnight. NCM460s cells were transfected with 100 nM p65 shRNA or control shRNA using Lipofectamine™ 3000 transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. After 12 h of incubation, the medium was replaced with normal SFM under suspension conditions. After 5 days of transfection, the effect of p65 shRNA was examined using RT-qPCR and western blotting. Then, the transfected cells were passaged for further experiments.

### Statistical analysis

All data were analyzed using SPSS v20.0 (IMB Corp.). The results were presented as the mean ± standard deviation from at least three independent experiments. Differences between two groups were analyzed using unpaired Student\'s t-tests. One-way ANOVA followed by Tukey\'s post hoc test was used to analyze differences in multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Intestinal stem cells are enriched upon spheroidal culture in SFM

Human normal intestinal epithelial cells, NCM460 cells, formed spheres and the diameters increased gradually when cultured in SFM under suspension conditions ([Fig. 1A](#f1-or-44-02-0577){ref-type="fig"}). NCM460s cells could be passaged \>30 times in SFM under suspension conditions, indicating that they possessed the self-renewal ability. Moreover, NCM460s cells could be induced to differentiate into epithelial-like cells when cultured in DMEM medium supplemented with 10% FBS ([Fig. S1](#SD1-or-44-02-0577){ref-type="supplementary-material"}).

In order to validate the stemness of NCM460s cells, the stem cell genes were analyzed using qPCR, western blotting and flow cytometric analysis. Results indicated that NCM460s cells exhibited higher mRNA and protein expression of stem cell genes such as Oct4, Nanog and Sox2 ([@b24-or-44-02-0577]) and Lgr5, a marker gene of intestinal stem cells ([@b13-or-44-02-0577]), compared with those in NCM460 adherent cells ([Fig. 1B and C](#f1-or-44-02-0577){ref-type="fig"}). Furthermore, flow cytometric analysis revealed that the ratio of CD133^+^ cells (one of the specific surface markers in colorectal CSCs) was \<1% in NCM460 adherent cells, but reached 11.40% in NCM460s cells ([Fig. 1D](#f1-or-44-02-0577){ref-type="fig"}). These results indicated that serum-free suspension culture is an effective strategy to enrich NCM460s cells with stem cell characteristics from normal intestinal epithelial NCM460 cells.

### TNF-α promotes the malignant transformation of NCM460s cells

When NCM460s cells were treated with 0--100 ng/ml TNF-α for various time-points (12, 24, 48 and 72 h), the viability of NCM460s cells was affected in a dose-dependent and time-dependent manner. Treatment with 1 ng/ml TNF-α for 24 h resulted in the maximum increase of the viability of NCM460s cells ([Fig. S2](#SD1-or-44-02-0577){ref-type="supplementary-material"}). Therefore, all further experiments investigating malignant transformation were conducted for this duration.

To evaluate the impact of TNF-α on chemotherapy sensitivity, cells were exposed to 5-FU at various concentrations (0, 0.1, 1, 5, 10, 50 and 100 µg/ml) for 48 h. Then, the viabilities were analyzed at the indicated concentration of 5-FU using a CCK-8 assay. The results revealed that the survival rates of NCM460s cells were significantly increased at each concentration of 5-FU upon TNF-α treatment, suggesting that TNF-α increased chemotherapy resistance ([Fig. 2A](#f2-or-44-02-0577){ref-type="fig"}).

The effect of TNF-α on the proliferation ability of NCM460s cells was assessed using a colony formation and soft agar assay. The results revealed that TNF-α significantly increased the colony formation capacity of NCM460s cells ([Fig. 2B](#f2-or-44-02-0577){ref-type="fig"}). In order to explore the underlying mechanism associated with these phenotypic changes, the impact of TNF-α on NCM460s cell distribution in the cell cycle was investigated using flow cytometry. It was reported that TNF-α significantly reduced the proportion of cells in the G~0~-G~1~ phase and increased the proportion of cells in the S phase ([Fig. 2C](#f2-or-44-02-0577){ref-type="fig"}). These data revealed that TNF-α increased the proliferative capacity of NCM460s cells.

Since the epithelial-mesenchymal transition (EMT) is a key process in cancer metastasis, the impact of TNF-α on the migratory and invasive abilities of NCM460s cells was examined using Transwell assays. It was demonstrated that TNF-α significantly increased the capacities of migration and invasion of NCM460s cells ([Fig. 2D](#f2-or-44-02-0577){ref-type="fig"}). In addition, western blotting revealed that TNF-α decreased the expression of the epithelial marker E-cadherin, and concurrently increased the expression of mesenchymal markers, including N-cadherin, vimentin and transcription factor Snail, in NCM460s cells ([Fig. 2E](#f2-or-44-02-0577){ref-type="fig"}). These data revealed that TNF-α induced EMT to promote the migration and invasion capacities of NCM460s cells.

To further characterize the malignant transformation of NCM460s cells, the effect of TNF-α on the proportion of CD133^+^ cells was investigated using flow cytometry. A significantly increased proportion of CD133^+^ cells was revealed, from 11.40% in NCM460s cells to 28.00% in the TNF-α-treated NCM460s cells, indicating that TNF-α induced the phenotypic change from NCM460s cells to CSCs ([Fig. 2F](#f2-or-44-02-0577){ref-type="fig"}). Collectively, these results indicated that TNF-α induced the malignant transformation of NCM460s cells.

### TNF-α induces inflammatory responses and initiates activation of the NF-κB and Wnt/β-catenin signaling pathways

When NCM460s cells were exposed to 1 ng/ml TNF-α for various time-points, the relative mRNA expression levels of the proinflammatory cytokines interleukin (IL)-1β, IL-6, IL-8 and TNF-α were significantly upregulated at 0.5 h after TNF-α stimulation compared with those of the untreated control, and reached peak levels \~3 h after stimulation ([Fig. 3A-D](#f3-or-44-02-0577){ref-type="fig"}). The promoter activities of the NF-κB and TCF/LEF transcription factors were also significantly increased at 0.5 h after TNF-α stimulation relative to those of the untreated control, and reached peak levels 1--3 h after stimulation ([Fig. 3E-F](#f3-or-44-02-0577){ref-type="fig"}).

Phosphorylation of IκB kinase complex α/β (IKKα/β) was increased at 0.5 h after TNF-α stimulation relative to the untreated control. Moreover, the phosphorylation of IκBα was upregulated however, the protein levels of IκBα were downregulated at 0.5 h after stimulation relative to the untreated control, while TNF-α levels were increased. p65 is an essential subunit of the NF-κB complex and is key for the regulation of inflammatory responses. TNF-α increased the phosphorylation of p65 and induced the nuclear translocation of p65 ([Fig. 4A-C](#f4-or-44-02-0577){ref-type="fig"}).

Conversely, TNF-α decreased the protein levels of APC, while increasing glycogen synthase kinase (GSK)3β phosphorylation at 0.5--1 h after stimulation. Phosphorylation of β-catenin was downregulated and the protein levels of total β-catenin were upregulated at 0.5 h after stimulation. The expression of β-catenin was markedly reduced in the cytoplasm but gradually increased in the nucleus. In addition, the expression of downstream Wnt target genes c-Myc and cyclin D1 were increased after TNF-α stimulation ([Fig. 4D-F](#f4-or-44-02-0577){ref-type="fig"}).

To further elucidate the molecular mechanisms by which TNF-α induced the activation of the NF-κB and Wnt/β-catenin pathways, immunofluorescence staining was used to observe the distribution of p65 and β-catenin in NCM460s cells. Exposure of NCM460s cells to TNF-α for 24 h reduced the expression of p65 and β-catenin in the cytoplasm but increased their expression in the nucleus, indicating that TNF-α induced the translocation of p65 and β-catenin from the cytoplasm to the nucleus ([Fig. 4G](#f4-or-44-02-0577){ref-type="fig"}). These findings demonstrated that the NF-κB and Wnt/β-catenin pathways were activated in TNF-α-induced inflammatory responses in NCM460s cells.

### NF-κB and Wnt/β-catenin pathways cross-regulate each other in TNF-α-induced NCM460s cells

To elucidate the potential molecular mechanisms of TNF-α-induced malignant transformation in NCM460s cells, p65 shRNA was used to knockdown the activity of NF-κB signaling. The effect of p65 shRNA transfection on p65 expression was evaluated using qPCR and western blotting. The results revealed that the mRNA and protein levels of total p65 were considerably suppressed by p65 shRNA transfection ([Fig. 5A](#f5-or-44-02-0577){ref-type="fig"}), indicating that the p65 gene expression was successfully knocked down.

Protein expression of p65 in the cytoplasm, which was downregulated by TNF-α, remained at a low level by p65 shRNA. Protein expression of p65 in the nucleus, which was upregulated by TNF-α, was also downregulated by p65 shRNA ([Fig. 5B](#f5-or-44-02-0577){ref-type="fig"}). These results indicated that p65 knockdown blocked the protein expression of total p65 and suppressed the nuclear translocation of p65, both of which were promoted by TNF-α treatment. NF-κB promoter activity, which was markedly increased by TNF-α, was also significantly downregulated to almost basal levels by p65 shRNA ([Fig. 5C](#f5-or-44-02-0577){ref-type="fig"}). Notably, TNF-α-induced activation of the Wnt/β-catenin pathway, including increased expression of GSK3β phosphorylation, protein levels of c-Myc and cyclin D1 and the translocation of β-catenin from the cytoplasm to the nucleus, were all suppressed by p65 shRNA ([Fig. 5B](#f5-or-44-02-0577){ref-type="fig"}). TCF/LEF promoter activity, which was significantly upregulated by TNF-α, was significantly suppressed to almost basal levels by p65 shRNA ([Fig. 5D](#f5-or-44-02-0577){ref-type="fig"}). Similarly, mRNA expression of proinflammatory cytokines IL-1β, IL-6, IL-8 and TNF-α, which were significantly increased by TNF-α, were also blocked by p65-knockdown ([Fig. 5E-H](#f5-or-44-02-0577){ref-type="fig"}).

To further explore the molecular basis for the cross-regulation between the NF-κB and Wnt/β-catenin pathways in the TNF-α-induced malignant transformation of NCM460s cells, two inhibitors were used to examine the protein levels of signaling molecules associated with these two pathways. When NCM460s cells were incubated with PDTC, an inhibitor of NF-κB signaling, TNF-α-induced translocation of p65 from the cytoplasm to the nucleus was reversed in a dose-dependent manner. Notably, PDTC counteracted TNF-α-induced activation of the Wnt/β-catenin pathway in NCM460s cells, including the increased phosphorylation of GSK3β and β-catenin, as well as the increased protein levels of c-Myc and nuclear translocation of β-catenin ([Fig. 6A](#f6-or-44-02-0577){ref-type="fig"}). Furthermore, as an inhibitor of Wnt processing and secretion, IWP-2 prevented TNF-α-induced nuclear translocation of β-catenin in a dose-dependent manner. Notably, IWP-2 also counteracted TNF-α-induced activation of the NF-κB pathway in NCM460s cells, including increased phosphorylation of IKKα/β and IκBα, decreased protein levels of IκBα and nuclear translocation of p65 ([Fig. 6B](#f6-or-44-02-0577){ref-type="fig"}). Collectively, these results indicated that NF-κB and Wnt/β-catenin pathways cross-regulated each other in TNF-α-induced NCM460s cells.

Discussion
==========

Stem cells are characterized by their self-renewal capacity and potential for multilineage differentiation. Normal stem cells serve a critical role in injury, disease and regular maintenance. Unfortunately, genetic alterations of tumor-initiating cells drive the acquisition of oncogenic mutations through the interactions with abnormal environmental elements ([@b12-or-44-02-0577],[@b16-or-44-02-0577]). In most cases, one mutation is insufficient and at least four to five genetic mutations are required for tumor initiation ([@b25-or-44-02-0577]). It is imperative that oncogenic mutations only accumulate in long-lived but quiescent stem cells rather than in differentiated cells, which are rapidly eliminated before the next mutation occurs ([@b16-or-44-02-0577],[@b25-or-44-02-0577]). Notably, dysregulation in the mechanisms underlying proliferation and differentiation initiates the malignant transformation of normal stem cells, leading to tumorigenesis ([@b11-or-44-02-0577]). CSCs are responsible for tumor initiation, progression, recurrence and metastasis, and can differentiate into all cell types in cancer tissues ([@b3-or-44-02-0577],[@b4-or-44-02-0577]). The similar biological properties between normal stem cells and CSCs are the basis of a recent hypothesis that CSCs originate from normal stem cells. Furthermore, studies have demonstrated that ISCs are the origin of intestinal neoplasia ([@b8-or-44-02-0577],[@b12-or-44-02-0577],[@b13-or-44-02-0577]). Barker *et al* ([@b26-or-44-02-0577]) and Leung *et al* ([@b27-or-44-02-0577]), reported that Lgr5-positive crypt base columnar cells, which are often located adjacent to Paneth cells, could generate all epithelial lineages, suggesting that Lgr5-positive crypt base columnar cells were stem cells of the normal small intestine and colon. Using mouse models, Lgr5-positive ISCs were identified as the origin cells of intestinal neoplasia and were found to accelerate tumor progression ([@b13-or-44-02-0577]). Thus, ISCs are considered to be the origin of intestinal CSCs and sustain tumorigenesis and progression.

Recently, it was demonstrated that spheroid cells derived from cancer cell lines in SFM under suspension conditions had increased expression of stemness-associated genes ([@b3-or-44-02-0577],[@b10-or-44-02-0577],[@b12-or-44-02-0577],[@b28-or-44-02-0577]). As one effective strategy to enrich rare CSCs, serum-free suspension culture has been widely used to isolate several types of CSCs, including breast ([@b6-or-44-02-0577]), ovarian ([@b11-or-44-02-0577]), colorectal ([@b3-or-44-02-0577],[@b29-or-44-02-0577]) and lung cancer ([@b30-or-44-02-0577]). A number of human colorectal cancer cell lines, including HT29, SW480, DLD-1 and HCT116, can form spheres under serum-free suspension culture conditions ([@b27-or-44-02-0577],[@b28-or-44-02-0577]). In this present study, NCM460 cells formed spheres when cultured under SFM suspension conditions. NCM460s cells exhibited higher mRNA and protein expression compared with those in NCM460 adherent cells, such as stem cell genes Oct4, Nanog, Sox2 and Lgr5, a marker gene of intestinal stem cells. Furthermore, the proportion of CD133^+^ cells, a colorectal CSC-specific surface marker, was significantly increased in NCM460s cells compared with NCM460 adherent cells. Thus, serum-free suspension culture is a highly efficient method to enrich NCM460s cells with stem cell characteristics from the NCM460 normal intestinal epithelial cell line. In addition, other options such as intestinal stem cells or organoids, which is the limitation of the present study, but more convincing methods in the study on CSCs, will be the next-step directions and methods to reveal the cross-relationship of CSCs and tumorigenesis.

An increasing number of studies have demonstrated that chronic inflammation plays an important role in tumorigenesis and progression ([@b14-or-44-02-0577],[@b20-or-44-02-0577]), especially in colorectal cancer ([@b16-or-44-02-0577]). Several inflammatory cytokines are found in serum, stools and bowel mucosa of patients with inflammatory bowel disease ([@b31-or-44-02-0577]). Among these cytokines, TNF-α is a potent inflammatory factor, which can activate NF-κB signaling, upregulate the expression of other cytokines, chemokines, growth factors and transcription factors and accelerate tumorigenesis ([@b31-or-44-02-0577],[@b32-or-44-02-0577]). Expression of TNF-α is notably increased in various cancer types and is often correlated with poor patient prognosis, thus TNF-α is regarded as a critical pro-tumorigenic cytokine ([@b16-or-44-02-0577],[@b32-or-44-02-0577]). NF-κB activation induces innate and adaptive immune responses that can influence the progression of cancer and inflammation ([@b16-or-44-02-0577]). In line with these observations, the present study reported that TNF-α treatment promoted cell proliferation, migration and invasion, induced the EMT phenotype, increased chemotherapy resistance and the ratio of CD133^+^ cells in NCM460s cells, which are all characteristics of malignant transformation. Certainly, it would be preferable to study the effect of anti-TNF antibodies on the indices, which is a potential limitation of the present study.

Furthermore, it was determined that TNF-α increased the phosphorylation of IKK in NCM460s cells at 0.5 h after stimulation, resulting in the phosphorylation and degradation of IκBα and promoting the phosphorylation and nuclear translocation of p65. As a crucial event of NF-κB signaling, the transcriptional activity of the NF-κB p65 responsive promoter was also significantly increased and maintained this increase up to 24 h after stimulation. Subsequently, the expression of proinflammatory cytokines IL-1β, IL-6, IL-8 and TNF-α were increased after stimulation, thus establishing a positive feedback loop that further enhanced activation of the NF-κB pathway and induced the expression of proinflammatory cytokines. Moreover, it was demonstrated that, in NCM460s cells, TNF-α also initiated the sequential activation of Wnt/β-catenin signaling, which serves a critical role in tumorigenesis and progression ([@b33-or-44-02-0577]). The protein levels of APC, a negative modulator of the Wnt/β-catenin pathway, were downregulated 0.5 h after stimulation, while GSK3β phosphorylation, another negative modulator, was upregulated. Then, the dephosphorylation, accumulation and nuclear translocation of β-catenin, a central mediator in the canonical Wnt/β-catenin cascade, was observed in TNF-α-induced NCM460s cells. The luciferase reporter assay revealed that TNF-α stimulation significantly increased the promoter activity of TCF/LEF transcription factors in NCM460s cells. Thus, the data revealed that TNF-α induced the activation of NF-κB and Wnt/β-catenin pathways in NCM460s cells.

It has been demonstrated that activation of the Wnt/β-catenin and NF-κB pathways upregulates the expression of individual target genes through independent cascades during tumorigenesis, modulating cell proliferation, cell survival, apoptosis, metastasis and differentiation ([@b14-or-44-02-0577]). In addition to these shared functions, NF-κB signaling is more crucial for inflammation and immune responses, whereas the Wnt/β-catenin pathway is mainly responsible for development and tissue regeneration ([@b16-or-44-02-0577]). However, studies have suggested that these two pathways cross-regulate each other, extending their functions for each individual pathway. NF-κB signaling influences the activity of Wnt/β-catenin pathway, and the Wnt/β-catenin pathway also regulates inflammatory responses via interaction with NF-κB signaling ([@b19-or-44-02-0577],[@b34-or-44-02-0577]).

Schwitalla *et al* ([@b35-or-44-02-0577]), revealed that NF-κB signaling played a crucial role in the expression of Wnt/β-catenin and the intestinal epithelial cell-specific ablation of p65 suppressed the expansion of crypt stem cells. Furthermore, upregulated NF-κB signaling promoted the activation of the Wnt/β-catenin pathway and induced dedifferentiation of non-stem cells that acquired tumor-initiating capacity. Jang *et al* ([@b34-or-44-02-0577]), revealed that Wnt/β-catenin signaling modulated the NF-κB pathway in TNF-α-induced inflammatory responses. In addition, NF-κB signaling can activate the expression of mesenchymal markers N-cadherin, vimentin, Slug and Snail, which downregulates the expression of adhesion protein E-cadherin, leading to EMT ([@b16-or-44-02-0577]). Furthermore, nuclear β-catenin established a TCF/LEF/β-catenin complex via the interaction with TCF/LEF transcription factors, which also induces the EMT phenotype ([@b33-or-44-02-0577],[@b36-or-44-02-0577]). Concurrently, the TCF/LEF/β-catenin complex has been revealed to promote the expression of downstream Wnt target genes *c-Myc* and cyclin D1 in TNF-α-induced NCM460s cells ([@b19-or-44-02-0577]). Other studies have revealed that NF-κB activation upregulates the expression of various cell cycle proteins, especially the Wnt signaling target gene cyclin D1 ([@b35-or-44-02-0577],[@b37-or-44-02-0577],[@b38-or-44-02-0577]). Crosstalk between Wnt/β-catenin and NF-κB signaling has been revealed to play a crucial role in inflammation-induced tumorigenesis ([@b19-or-44-02-0577]).

Notably, the present study also revealed that there was a crosstalk between NF-κB and Wnt/β-catenin signaling in TNF-α-induced inflammatory responses. The nuclear protein levels of NF-κB p65 and the transcriptional activity of NF-κB p65 responsive promoter, which were markedly increased by TNF-α, were both blocked by p65-knockdown. Then, mRNA expression levels of proinflammatory cytokines IL-1β, IL-6, IL-8 and TNF-α, which were significantly upregulated by TNF-α, were also reduced to almost basal levels by p65-knockdown in TNF-α-treated NCM460s cells. GSK3β phosphorylation and nuclear protein levels of β-catenin were reduced by p65-knockdown in TNF-α-treated NCM460s cells. Subsequently, TCF/LEF promoter activity and expression of Wnt target genes *c-Myc* and cyclin D1 were also suppressed by p65 knockdown. Furthermore, PDTC, an inhibitor of NF-κB signaling, reversed the activation of the NF-κB pathway in a dose-dependent manner in TNF-α-treated NCM460s cells and counteracted TNF-α-induced activation of the Wnt/β-catenin pathway. The same effect on the NF-κB pathway was found following Wnt/β-catenin inhibitor IWP-2 application to TNF-α-treated NCM460s cells. Therefore, these results indicated that NF-κB and Wnt/β-catenin signaling cross-regulate each other in TNF-α-induced malignant transformation of ISCs.

The present study demonstrated that serum-free suspension culture is an effective strategy to enrich spheroid cells with stem cell characteristics in normal intestinal epithelial cell lines. The NF-κB and Wnt/β-catenin signaling pathways were activated to promote the malignant transformation of ISCs in TNF-α-induced inflammatory responses, in which these two pathways cross-regulated each other. These findings may aid our understanding of the underlying molecular mechanisms in intestinal tumorigenesis and progression, and provide new insight to develop more specific and effective treatments against inflammation-associated cancer types.
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CSCs

:   cancer stem cells

ISCs

:   intestinal stem cells

SFM

:   serum-free medium

EMT

:   epithelial-mesenchymal transition

![Human normal intestinal epithelial cells NCM460s with the characteristics of stem cells are enriched upon spheroidal culture in SFM under suspension conditions. (A) NCM460s cells were directly generated from NCM460 adherent cells in SFM under suspension conditions. Scale bar, 100 µm. (B) Relative mRNA levels and (C) relative protein levels of stem cell genes Oct4, Nanog, Sox2 and Lgr5 in NCM460 cells and NCM460s cells were detected by RT-qPCR and western blotting. (D) Flow cytometric analysis revealed the proportion of CD133+ in NCM460 cells and NCM460s cells. \*\*P\<0.01, \*\*\*P\<0.001 compared with NCM460 cells. SFM, serum-free medium. NCM460s, NCM460 spheroid.](OR-44-02-0577-g00){#f1-or-44-02-0577}

![TNF-α promotes the malignant transformation of human normal intestinal stem cells NCM460s. NCM460s cells were treated with 1 ng/ml TNF-α for 24 h, and then compared with NCM460 adherent cells. (A) TNF-α increased the survival rates of NCM460s cells in various concentrations of 5-FU by the CCK-8 assay. (B) TNF-α increased the capacity of colony formation of NCM460s cells in (a) colony formation assay and (b) soft agar assay. Scale bar, 100 µm. (C) TNF-α induced changes of the cell cycle distribution in NCM460s cells as revealed by flow cytometry. (D) TNF-α increased the (a) migratory and (b) invasive number of NCM460s cells in the Transwell assay. Scale bar, 50 µm. (E) TNF-α reduced the protein level of E-cadherin and increased the protein levels of N-cadherin, Vimentin and Snail as revealed by western blotting. (F) TNF-α induced an increased proportion of surface marker gene CD133+ in NCM460s cells as revealed by flow cytometry. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 compared with NCM460s cells without TNF-α stimulation. TNF, tumor necrosis factor; NCM460s, NCM460 spheroid; ns, not significant.](OR-44-02-0577-g01){#f2-or-44-02-0577}

![TNF-α induces inflammatory responses and the increased activities of responsive promoters in NF-κB and Wnt/β-catenin pathways. NCM460s cells were treated with 1 ng/ml TNF-α for various time-points ranging from 0 to 24 h. (A-D) The relative mRNA expression of the proinflammatory cytokines IL-1β, IL-6, IL-8 and TNF-α were examined by RT-qPCR, and all results were normalized to those in untreated cells. (E and F) Dual Luciferase reporter assays were conducted to analyze the effect of TNF-α to the NF-κB promoter activity and TCF/LEF promoter activity. \*P\<0.05, \*\*P\<0.01, \*\*\*P\<0.001 compared with NCM460s cells without TNF-α stimulation. TNF, tumor necrosis factor; NCM460s, NCM460 spheroid; IL, interleukin.](OR-44-02-0577-g02){#f3-or-44-02-0577}

![TNF-α induces the activation of the NF-κB and Wnt/β-catenin pathways. NCM460s cells were treated with 1 ng/ml TNF-α for various time-points ranging from 0 to 24 h. Western blotting was used to analyze the protein levels of the NF-κB and Wnt/β-catenin pathways in the total cell extracts and the nuclear/cytoplasmic extracts. (A and B) Representative blots of the NF-κB pathway. (C) The relative levels of p65 phosphorylation in the total cell extracts and p65 protein levels in the nuclear/cytoplasmic extracts. (D and E) Representative blots of the Wnt/β-catenin pathway. (F) The relative levels of β-catenin phosphorylation in the total cell extracts and β-catenin protein levels in the nuclear/cytoplasmic extracts. (G) NCM460s cells were exposed to 1 ng/ml TNF-α for 24 h, and immunofluorescence staining was used to detect the localization of p65 and β-catenin in NCM460s cells. The nuclei were stained with DAPI. Scale bar, 50 µm. \*P\<0.05, \*\*\*P\<0.001 compared with NCM460s cells without TNF-α stimulation. TNF, tumor necrosis factor; NCM460s, NCM460 spheroid; ns, not significant.](OR-44-02-0577-g03){#f4-or-44-02-0577}

###### 

Effects of p65 knockdown on the activities of NF-κB and Wnt/β-catenin signaling pathways and the expression of proinflammatory cytokines in TNF-α-induced NCM460s cells. NCM460s cells were transfected with control shRNA or p65 shRNA for 24 h, and treated with 1 ng/ml TNF-α for 3 h. (A) The effects of p65 knockdown on the (a) mRNA and (b) protein expression levels of p65 in NCM460s cells. (B) The effects of p65 knockdown on the activities of the NF-κB pathway and Wnt/β-catenin pathway in TNF-α-induced NCM460s cells. (C and D) The effects of p65 knockdown on the NF-κB promoter activity and TCF/LEF promoter activity. (E-H) The effects of p65 knockdown on the mRNA expression of proinflammatory cytokines (E) IL-1β, (F) IL-6, (G) IL-8 and (H) TNF-α in TNF-α-induced NCM460s cells. \*\*\*P\<0.001 compared with control shRNA group; ^\#\#^P\<0.01 and ^\#\#\#^P\<0.001 compared with control shRNA + TNF-α. TNF, tumor necrosis factor; NCM460s, NCM460 spheroid; IL, interleukin.
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![Effects of inhibitors of the NF-κB and Wnt/β-catenin pathways on their activities in TNF-α-induced NCM460s cells. NCM460s cells were respectively incubated with 1, 10, 100 µM of (A) PDTC or (B) IWP-2 without or with 1 ng/ml TNF-α for 3 h. Western blotting was used to analyze the protein expression of genes related with NF-κB and Wnt/β-catenin signaling in the total cell extracts and the nuclear/cytoplasmic extracts. TNF, tumor necrosis factor; NCM460s, NCM460 spheroid; PDTC, pyrrolidine dithiocarbamate; IKKα/β, IκB kinase complex α/β; GSK, glycogen synthase kinase.](OR-44-02-0577-g06){#f6-or-44-02-0577}
